This paper reports the experimentally determined and calculated partition coefficients (Kp) in a heterogeneous system consisting of two partially mixing organic solvents for trimethylsilyl derivatives of 119 compounds including phenols, phenolcarboxylic acids, mono-and dicarboxylic acids, and some carbohydrates and polyols. It was demonstrated that a simple model based on the available physico-chemical properties of molecules can be used to accurately predict the hexane-acetonitrile partition coefficients. Phenols, other organic acids, and carbohydrates form complex mixtures in extracts of plant tissues, in various biological fluids, as well as in waste waters. For group identification of these mixture components, it is desirable to use the parameter j which is a combination of Kp and gas chromatographic retention indices: j = kI -log Kp. This approach increases identification reliability in gas chromatographic analysis. The use of the group parameter j in the analysis of nonvolatile organic components of waste waters is reported.
Introduction
The concept of distribution (or partition) coefficient as the ratio of equilibrium concentrations of a substance distributed in any binary system consisting of two "largely immiscible" phases was first introduced by Berthelot and Jungfleisch. 1 It is assumed that the concentration in the less polar phase is the numerator of the ratio expressed as Kp = C1/C2.
At present, partition coefficients are widely used in toxicology and in environmental and analytical chemistry. The key parameter in describing the partitioning behavior of organic toxicants in biological and environmental compartments is the 1-octanol/water partition coefficient, Kow. 2, 3 The equilibrium distribution of a dissolved substance in a two-phase gas-liquid system is used in headspace analysis. 4 In gas chromatographic analysis, partitioning of a substance in a binary system of two organic solvents was for the first time used in Refs. 5 and 6. This original idea has been further developed by Berezkin et al. 7 These authors have developed the concept of the so-called "chromatography-extra column distribution method" of analysis. The essential part of the method is the application of Kp values as an additional (to the retention parameters) identification characteristic.
In the book 7 many binary systems of organic solvents used in analytical practice are cited. The more successful of them are combinations of hexane-acetonitrile and hexane-nitromethane. This accounts for the low mutual solubility of these organic compounds. Second, they do not form a stable emulsion after shaking. 8 The efficiency of an approach based on the simultaneous use of partition coefficient values in a hexane-acetonitrile system (Kp Hex-Acn ) and retention indices (I) has been demonstrated taking as an example the analysis of essential oils, extracts from plant materials [9] [10] [11] [12] [13] and compounds formed during chemical warfare materials destruction. 14 The main factor preventing a wider application of this approach in routine analytical practice is the absence of sufficiently detailed databases of Kp Hex-Acn values. The experimental determination of partition coefficients is a time-consuming process. Hence, it is necessary to develop theoretical methods that will allow an accurate and rapid estimate of these parameters.
The combination of silylation and high-resolution gas chromatography is now an established technique for the analysis of mixtures of organic acids. In particular, trimethylsilyl derivatives (TMS) are used for the clinical analysis of acid metabolites formed in organisms in a group of genetic disorders. [15] [16] [17] In the TMS form, phenols and phenolcarboxylic acids are determined in plants, [18] [19] [20] [21] in wines [22] [23] [24] and in vegetable oils. 25, 26 Retention indices of TMS derivatives of many important biochemical aliphatic and aromatic acids have been reported in these articles. Nevertheless, there are no data in the literature on their partitioning in the hexane-acetonitrile system.
The purpose of this work is to measure retention and partition data for an extensive collection of silylated acidic compounds. Some of Kp Hex-Acn values were determined experimentally, while others were calculated with the aid of a simple model. It is also intended to demonstrate (taking as an example organic compounds of waste water) how such data can be used to obtain additional qualitative information in routine laboratory practice.
Experimental

Materials
The following compounds were used: commercial phenol carboxylic acids (benzoic, phenylacetic, 4-hydroxyphenylacetic, 4-hydroxybenzoic, gentisic, homogentisic, protocatechuic, gallic, p-anisic, vanillic, homovanillic, o-,m-,p-coumaric, caffeic, ferulic and sinapinic acids, Sigma), coumarins and flavonoids (scopoletin, esculetin, chrysin, galangin, and apigenin, Aldrich) as well as commercial preparations of phenols, carboxylic, dicarboxylic, hydroxycarboxylic acids, and carbohydrates from the collection of the Institute of Chemistry of Bialystok University.
The derivatization reagent was bis-(trimethylsilyl)-trifluoroacetamide (BSTFA) containing 1% of trimethylchlorosilane (Sigma).
Acetonitrile (Merck, HPLC grade), hexane (Baker, HPLC grade), anhydrous pyridine and n-butyl benzene were used without additional purification.
Solid phase extraction cartridges ENVI-18 were obtained from Supelco Inc.
Partition coefficient determination
The above compounds were converted into their TMS derivatives. To 5 -20 mg of solid or liquid commercial preparation were added 20 µl of pyridine and 180 µl of BSTFA and heated for 30 min at 70˚C. The total concentrations of TMS-derivatives in pyridine-BSTFA mixtures were from 2.5 to 10%. The GC-MS analysis was used to confirm the structure of preparations from the collection.
Samples were prepared for partition coefficient determination at room temperature (20 ± 2˚C). A 2-ml flask was charged through a pipette with 0.5 ml of hexane and 0.5 ml of acetonitrile. In the flask were added 25 -40 µl of solution of TMS derivatives in pyridine-BSTFA mixture, 0.5 µl of n-butyl benzene (internal standard) and 5 µl of C7 -C14 or C14 -C32 nalkanes (hexane solution). Subsequently the flask was closed and shaken for 30 s.
After phase separation, each of them was subjected to GC analysis at an injection port temperature of 280˚C, and a flame ionization detector temperature of 300˚C. GC analysis was carried out on a Hewlett-Packard HP-4890D system equipped with an HP-5 fused-silica column (30 m × 0.25 mm, film thickness 0.25 µm), coated with 5% phenyl poly(dimethylsiloxane) stationary phase, at a helium flow-rate of 1 ml/min (split 1:50). The analysis was carried out with temperature programming from 50 to 300˚C at a rate of 5˚C/min.
The values of retention time were used to calculate Van den Dool and Kratz linear retention indices:
where tx is the retention time of analyzed compound and tn and tn+1 are retention times of n-alkanes leaving chromatographic column before and after the compound under consideration. Partition coefficients were calculated from the ratio of peak areas of the components by using Eq. (2): 7
where S x h and S x a are the peak areas of the component x on the chromatograms of the hexane and acetonitrile phases, respectively, and S 
Sewage handling and analysis
A sample of waste waters (after primary treatment) was collected in July 2003 at the Bialystok (Poland) sewage treatment plant. A dark glass bottle used for collecting the water sample was prewashed with methanol and distilled water. The sample was stabilized by adding concentrated H2SO4 to obtain pH <2. Organic compounds dissolved in this water were concentrated by solid phase extraction (SPE). An ENVI-18 SPE cartridge was conditioned by eluting 2 × 10 ml of acetone, followed by 2 × 10 ml of methanol and 2 × 10 ml of distilled water. The sample (0.2 l of filtered waste water) was allowed to pass through the cartridge at a flow rate of 10 ml/min by applying a slight vacuum. The cartridge was dried for 5 min with air. The analytes were eluted with 2 × 5 ml of diethyl ether, followed by 2 × 5 ml of methanol, and solvent was removed from the combined extracts on a rotor evaporator. To the dry residue, 30 µl of pyridine and 100 µl of BSTFA were added. The mixture was heated for 30 min at 70˚C to form TMS derivatives, and 50 µl of the resulting solution was used for partition coefficient determination and GC-MS analysis.
A Perkin-Elmer Turbo mass instrument supplied with a PE-5HT fused silica capillary column (30 m × 0.25 mm, 0.25 µm) was used. The MS libraries used were Wiley and NIST. The MS library search was performed using PBM (ProbabilityBased Matching) algorithm that uses a reverse search to verify that peaks in the reference spectrum are present in the registered spectrum. Extra peaks in the registered spectrum are ignored, thus allowing the analysis of a spectrum resulting from a mixture of components. Table 1 contains the Kp Hex-Acn values of 66 compounds. They include aliphatic mono-, dicarboxylic, and hydroxycarboxylic acid TMS derivatives. For 16 compounds (marked by the lettera) the Kp Hex-Acn values were determined experimentally. Since the number of existing isomers and homologues of aliphatic acids is quite large it is necessary to develop a theoretical method that will allow an accurate and rapid estimate of their Kp values. One of the objectives of this investigation is to propose a predictable correlation of Kp values for organic acids based on the known Quantitative StructureChromatographic Retention Relationship (QS-CRR). 28 We used this approach previously for calculating chromatographic retention indices of terpenes, 29 and partition coefficients of terpenes, alkyl aromatic hydrocarbons and esters. 9, 30 Calculations were carried out by using the three-parameter correlation equation:
Results and Discussion
Experimental and precalculated partition coefficient values
The values of chromatographic retention indices on columns with stationary phases of low polarity (HP-5) were used as descriptors X. The independent variable Y in Eq. (3) was the molecular weight of the corresponding acid. Table 1 is divided into three parts for the corresponding groups of aliphatic acids. Each part contains the initial data for calculation: molecular weight (MW) of acids, retention indices of their TMS derivatives, and experimentally determined Kp (3) were calculated by the least-squares method. The dependences log Kp Hex-Acn = f(log I,MW) are characterized by high determination coefficients R 2 , and the data of the F-test indicate that the Eq. (3) are significant at least on the levels of 95% significance. The last column in Table 1 gives the calculated values of Kp Hex-Acn .
The partition coefficients in a given heterogeneous system are 1484 ANALYTICAL SCIENCES DECEMBER 2005, VOL. 21 Table 1 show that, in different homologous series, the values of Kp Hex-Acn increase monotonically on passing from the lower to higher homologues. For instance, for the TMS of C4 -C20 monocarboxylic acid, they range from 1.5 to 56.3, whereas for the TMS of C3 -C8 monocarboxylic hydroxyacids they range from 1.3 to 5.6. In other words, the Kp Hex-Acn values for members of these series overlap. This feature decreases the value of Kp Hex-Acn as an identification characteristic. However, a close relationship between retention indices and partition coefficients has been pointed out previously. 8, 29 This relationship is described by a linear equation:
log Kp Hex-Acn = kI -j (4) Figure 1 shows that straight lines of the plot in a system of coordinates log Kp Hex-Acn -I referring to different groups of homologues have approximately the same slope (for comparison, the data for n-alkanes C8 -C15, and for methyl esters of C10 -C20 carboxylic acids are included additionally in Fig. 1 ). This fact implies that the coefficient k in Eq. (4) characterizes a given heterogeneous system. This coefficient is proportional to the difference between free energies of solvatation for the homologous difference (k = 10 -2 ∆G CH 2 /2.303 RT) in two phases of the system i. The numerical value of the coefficient k for the hexane-acetonitrile system is (1.1 ± 0.2) × 10 -3 , whereas that for the 1-octanol-water system is (5.4 ± 0.5) × 10 -3 . At the same time the y-intercept of the curve in Eq. (4) is the characteristic of members of certain homologous series. 8, 29 Hence, for group identification of components it is desirable to use the group parameter j, which is a combination of Kp Hex-Acn and retention indices. Table 2 lists experimental Kp Hex-Acn values for TMS derivatives of 53 substances: phenols, phenolcarboxylic acids, cinnamic acids, flavonoids, carbohydrates, acyclic and cyclic polyols, and some other compounds of different classes. Strictly speaking, these compounds are not the members of definite homologous series, as they differ in the number of hydroxyl groups in their molecules and not in the number of CH2 groups. As it could be seen in Fig. 1 , the best determination coefficients (R 2 ) for relationship between I and Kp (Eq. (4)) were obtained for compounds belonging to definite homologous series (n-alkanes, methyl esters, monocarboxylic acids). For groups not so closely connected, the plots are more scattered. The j-values obtained for such groups show larger differences than the j-values for homologous series (for polyols σ is about 37% in comparison with 4% for aliphatic monocarboxylic acids, see Table 3 ). However, for these compounds the linear dependence described by Eq. (4) is also observed. Therefore, the differential parameter j can also be used to characterize these groups of compounds. For compounds that differ in the number of OH groups, a strict linear dependence log Kp Hex-Acn on the number of substituted hydroxyl groups is observed. It is shown in Fig. 2 , taking as an example aromatic acids and polyols. Table 3 gives the average values of the parameter j with standard deviations for all groups of organic compounds discussed in this paper. The values of j were calculated only taking into account the Kp Hex-Acn values determined experimentally. It can be seen that the values of this parameter are in a narrow range and only in a few cases do they overlap within experimental error for representatives of different group of compounds. This refers mainly to aliphatic dicarboxylic acids (j = 1.65 ± 0.04) and to alkyl aromatic acids (j = 1.77 ± 0.14) as well as to metoxy-substituted aromatic acids and flavones. However, in this case also the identification problem is simplified because the researcher should choose between the representatives of only two homologous series and not among a great variety of compounds capable of forming TMS derivatives.
The application of the algorithm for investigating the composition of complex mixtures with their preliminary assignment to certain homologous series on the basis of parameters j values and subsequent identification within these series from retention indices has been demonstrated earlier, taking as an example essential oils of plants. 13, 29, 30 In the next section, an example of analysis of nonvolatile components of sewage is used to shown how the experimental values of Kp Hex-Acn and differential parameters j can be used in GC-MS identification to increase its reliability.
Waste water analysis with partition of TMS derivatives
On the chromatograms of TMS derivatives of compounds isolated from municipal sewage by the SPE method, more than 100 peaks are usually presented. In this investigation, we take into account only those peaks whose relative contribution to the total ion current (TIC) exceeded 1%. In Table 4 In most cases, the combined use of computer identification and retention indices allowed us to carry out reliable identification of individual components. Exceptions concern cases in which the results of computer identification could not be confirmed (or refuted) on the basis of chromatographic retention data (cyclohexane carboxylic acid, lyxose, and 2-1487 ANALYTICAL SCIENCES DECEMBER 2005, VOL. 21 Kp ± σ σ α hydroxybenzeneacetic acid). In these cases the component name is followed by a question mark indicating that its identification is not unambiguous. However, in some cases reliable identification on the bases of mass spectra and I calc values alone appeared impossible. In the above analysis we met with such a situation three times. Compounds 13, 22 and 26 in Table 4 cannot be identified at present. The list obtained for compound 13 matching spectral data on the first positions contained TMS esters of ethylmalonic acid and glycerol. The choice between these compounds even using the values of retention indices appeared impossible. However, the partitioning of compound 13 in the hexane-acetonitrile system (Kp Hex-Acn = 8.10, j = 0.39) indicates that this compound is glycerol.
Peculiar difficulties have arisen in the identification of compound 22, because the spectra of fructose and shikimic acid are very similar. In their spectra, the molecular ion is absent, and at the same time the set of main peaks (m/z 73, 204, 147, 217) is identical and they differ in intensity only slightly. Without any additional information, it is virtually impossible to be sure which compound corresponds to unknown component 22. At the same time, the Kp Hex-Acn and j values for fructose and shikimic acid differ greatly. Hence, the missing information can be provided by determining the partition coefficient and parameter j, the value of which (Kp Hex-Acn = 6.22, j = 1.05) allowed us to make a choice in favor of the shikimic acid.
In the third case (compound 26), the PBM search result gives the list of the best 20 matches. The highest position was occupied by D-glucuronic, D-galacturonic acids, and decanedioic (sebacic) acid. The first of these compounds can be eliminated, as the literature value of the retention index for Dglucuronic acid (I lit = 2004) does not correspond to the measured value (I calc = 1904). We do not know the retention index of the second carbohydrate acid. Hence, we cannot eliminate it from processing on the basis of the available spectral and chromatographic data. It can be assumed, however, that the Kp Hex-Acn values for isomeric carbohydrate acids (glucuronic and galacturonic acids) should be close to each other. However, the experimental Kp Hex-Acn value for compound 26 is almost ten times smaller than that for glucuronic acid, and the calculated group parameter j = 1.69 falls in the range characteristic of dicarboxylic acids (j = 1.65 ± 0.04, Table 3 ).
This example shows that partition coefficients in the hexane-acetonitrile heterogeneous system and group parameters j can be successfully used as supplementary identification parameters in qualitative GC and GC-MS analyses of organic compounds. The limitations of this approach are caused mainly by low precision of measuring the areas under the peaks of minor mixture components. As a rule, it is possible to determine Kp Hex-Acn with a sufficient precision only for components the contribution of the area of which to the total peak area is not less than 1% (in the case of GC-MS, not less than 1% of TIC). The precision of determining the components for which the Kp Hex-Acn values are greater than 100 or less than 0.01 is also low. However, this concerns mostly higher alkanes or highly polar compounds for the analysis of which gas chromatography is not generally used and to which alternative methods (e.g. HPLC) are applied. 
